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In those plants where the primary carboxylation reaction is catalyzed by the enzyme ribulose bisphosphate carboxylase, large amounts of the newly formed carbohydrate are oxidized back to CO2 by the process of photorespiration. The photorespiratory pathway, often called the photosynthetic carbon oxidation cycle, involves the synthesis and metabolism of glycolate. Glycolate is formed within the chloroplast and transported to the peroxisomes where it is oxidized to glyoxylate. The glyoxylate can be further oxidized (possibly by reaction with H202) to form formate and CO2 (3, 4) . The majority of the glyoxylate, however, is transaminated to glycine as long as sufficient glutamate and serine are available for the reaction (15, 18) .
The glycine formed within the peroxisomes is transported to the mitochondria. Recent data from this laboratory indicate that a transporter located in the inner membrane of the mitochondria is responsible for this movement (21) . Once within the matrix of the mitochondria, the glycine is oxidized to C02, NHI+, and a C1 fragment that forms methylene THF by the multienzyme glycine decarboxylase complex. The electrons from glycine are used to reduce NAD to NADH and are therefore available to the mitochondrial electron transport chain. The methylene THF reacts with a second mol of glycine to form serine which returns to the peroxisome to act as an amino donor for further glycine formation.
The glycine decarboxylase complex has never been isolated from plant mitochondria. A similar enzyme complex has been studied from the liver of several vertebrates (7) and from the bacteria Arthrobacter globiformis (9) and Peptococcus glycinophilus (8) . The complexes from these sources are similar. The first step of the reaction is catalyzed by the P protein (nomenclature as per Kikruchi [7] In the animals studied, this complex is confined to mitochondria (6) and is loosely bound to the mitochondrial inner membrane (14) . P protein is the actual PLP-dependent amino acid decarboxylase and, therefore, this activity alone should be referred to as glycine decarboxylase (5) . The entire complex from animal mitochondria and bacteria is glycine synthase (EC 2.1.2. 10). The name glycine decarboxylase has been used in the photorespiration literature to describe this latter reaction. To simplify this problem, we will refer to the PLP-dependent amino acid decarboxylase reaction (measured as glycine-bicarbonate exchange) as glycine decarboxylase and the entire complex as the glycine decarboxylase complex.
We have solubilized and partially characterized the photorespiratory glycine decarboxylase complex from pea leaf mitochondria. The complex as isolated contained the activities identified in nonplant systems and appeared to be tightly bound to the inner mitochondrial membrane. Although the reaction sequence was the same as that shown for the animal and bacterial systems, some qualitative differences were noted. This is the first successful extraction of this important photorespiratory enzyme from plant mitochondria.
MATERUILS AND METHODS
Pea (Pisum sativum) plants were grown in commercial potting soil in flats in a greenhouse. The leaves and stems (about 500 g) 
RESULTS AND DISCUSSION
Several different methods were used in an attempt to isolate active glycine decarboxylase from pea leaf mitochondria. The enzyme could not be separated from the mitochondrial membranes by freezing and thawing or extensive sonication in either hypotonic or hypertonic media. Attempts to solubilize the membranes and release the enzyme with Triton X-100, deoxycholate, Tween 20, and digitonin resulted in complete inhibition of the enzyme before any activity could be detected in the soluble fraction. The enzyme complex was finally removed from the bulk of the membrane by precipitation in cold acetone. Using the technique described, 50 to 75% of the glycine-bicarbonate exchange activity in the original mitochondrial preparation could be separated from the lipid components. This crude enzyme preparation was used throughout the experiments described.
The glycine-bicarbonate exchange reaction, at least in animal systems, requires only the P (PLP-ontaining) and H (lipoamidecontaining) enzymes from the complex for activity (7) . We decided to use this reaction to locate and study the complex. The glycinebicarbonate exchange had an absolute requirement for glycine, PLP, and enzyme (Table I) . Heating the enzyme in a boiling water bath for 3 min completely inhibited the activity. In addition, the reaction was very strongly dependent on the addition of DTT. Over 70% of the activity was lost when DTT was not included in the assay media. The same reaction with the animal enzyme shows a limited requirement for a reducing agent (17) . The pea leaf enzyme also differed from the activity measured from animal livers and bacteria in that the glycine-bicarbonate exchange reaction was not stimulated by the inclusion of lipoic acid. Isolated P protein from liver can be assayed if lipoic acid is included in the reaction to substitute for the missing H protein (5) . With the green leafmitochondrial enzyme, both oxidized and reduced lipoic acids were inhibitory (Table I ). This may indicate a tighter association between the P and H proteins in the pea as opposed to the liver enzymes.
When all other factors were optimized, the glycine concentration response for the enzyme was as shown in Figure 1 . Maximal rates of activity were seen with 5 mM glycine and higher concentrations up to 30 mm were slightly inhibitory. The apparent Km for the reaction was approximately 1.7 mm.
The enzyme showed maximum activity with 50 mm NaH14CO3 and, again, higher concentrations inhibited. The apparent Km for bicarbonate was 16 mm (Fig. 2) . Experiments using 1 mm bicarbonate for 1 min with and without added carbonic anhydrase indicated that the active carbon species for the exchange reaction was CO2. The addition of carbonic anhydrase under these bicarbonate-limiting conditions increased the exchange reaction 4.3-fold from 1.17 to 5.08 pmol/mg protein-h. A NaHCO3 concentration of 16 mM is equivalent to 3.7 miM CO2 at the pH of the NaHC03(mM)
The effect of increasing NaH"CO3 concentrations on the glycine-bicarbonate exchange reaction catalyzed by solubilized glycine decarboxylase. The rate of "4CO2 fIXation into glycine was measured as described. The specific radioactivity remained constant and the amount of background radioactivity at each NaH"4CO3 concentration was determined in a parallel measurement with heat-killed enzyme and subtracted from the amount of activity seen with native enzyme. The amount of protein was 300 pg/assay and the reaction time was 30 min.
reaction. The rate of the exchange reaction was nonlinear with protein concentration (Fig. 3) . Increasing the amount of enzyme from 66 to 330 ug protein/0.5-ml reaction resulted in an increase in the rate of the reaction from 0.23 to 3.79 ,umol CO2 fixed/mg proteins h. Above 300 pg protein/assay, the response was linear with increasing protein concentrations. We have not as yet determined why low protein concentrations gave disproportionately low reaction rates.
The enzyme-catalyzed glycine-bicarbonate exchange reaction was very stable in the reaction conditions chosen. There was no decrease in the amount of activity measured for at least 1 h (Fig.   4 ).
As noted above, the enzyme activity was completely dependent on the addition of PLP. Maximum rates were observed with 0.1 mM PLP and higher concentrations were clearly inhibitory (Fig.  5) . The enzyme isolated from liver and bacteria showed maximal activity with about 5-fold higher PLP concentration (17) ; under those conditions, there was no measurable activity with the plant enzyme.
The enzyme activity has a moderately broad, symmetrical pH optimum at 6.9 to 7.1 (Fig. 6) . One pH unit change either side of the optimum decreased the activity about 30%. This optimum is considerably lower than the pH of the mitochondrial matrix (12) but this difference could result from the nonphysiological assay used.
In addition to the glycine decarboxylase activity needed for the glycine-bicarbonate exchange reaction, the acetone powder also contains the other enzyme activities of the glycine decarboxylase complex. This is shown by the ability ofthe preparation to catalyze Nonspecific radioactivity trapped was determined at each PLP concentration by using heat-killed enzyme and the rates shown are corrected for that value. the entire reverse reaction forming labeled glycine from NaH'4C03, NH4+, and unlabeled serine. In order for this reaction to occur, the preparation must also contain serine hydroxymethyltransferase activity. The reverse reaction was dependent on serine, PLP, THF, and either DTT or NADH as a source of electrons (Table II) . The decased activity with NADH instead of DTT may indicate either partial loss of L protein activity or that some step in the reverse reaction shows a strong DTT requirement as does the glycine-bicarbonate exchange reaction.
The enzyme preparation was also capable of decarboxylating [1-14C] glycine (Table II) . CO2 release from glycine by isolated mitochondria (13, 20) .
The effect of several potential inhibitors of the glycine-bicarbonate reaction were measured (Table III) . The PLP inhibitors INH (16) , NH20H (17) , and semicarbazide (17) all decreased the amount of exchange reaction measured. Arsenite can react with the lipoamide cofactor of the H protein and was also inhibitory. Arsenite inhibition of glycine oxidation by pea leaf mitochondria has been reported earlier (20) . KCN, a mixed function inhibitor of glycine decarboxylase in spinach mitochondria (2, 13) , also inhibited the exchange reaction by the isolated enzyme. Aminoacetonitrile (2, 19) and glycine hydroxamate (2, 10) have been reported to inhibit glycine oxidation by plant mitochondria, but they are relatively poor inhibitors of the solubilized glycine decarboxylase. Their main site of inhibition in intact mitochondria is at the glycine transporter (21). The presence of 0.1 mm PLP, however, resulted in a 20 to 30% loss of activity upon freezing.
CONCLUSIONS
We have succeeded in extracting a stable preparation of the glycine decarboxylase complex from pea leaf mitochondria. The enzyme catalyzes a reaction sequence that appears similar to that found for the equivalent multienzyme complex from animal livers and bacteria.
Both enzyme complexes contain an unusual PLP-dependent, reversible glycine decarboxylase. The animal and bacterial complexes have been shown to use a lipoamide intermediate (14) and the presence of an essential lipoamide in the plant complex can be inferred by the sensitivity to arsenite (Table III) . The complexes from both sources can make glycine from serine, NH4', C02, and NADH and the NADH can be replaced by DTT (Table II) . Although structural similarities cannot be implied, the reaction sequence seems nearly identical between the animal and plant complexes.
Some differences, however, have been observed. The plant enzyme is more strongly bound to the inner membrane of the mitochondria than is the enzyme from animals which can be removed by sonication or by freezing and thawing. The plant enzyme also binds PLP more tightly than does the animal or bacterial equivalent. In addition, the enzyme from peas is more strongly dependent on the presence of a reducing agent (DTT) than the liver enzyme. The pea enzyme also has a higher specific activity than that found in animal tissues. Our crude preparation was over 200 times as active in catalyzing the glycine-bicarbonate exchange reaction as a partially purified rat liver preparation (7). This is not surprising when one considers that the pea leaf enzyme must handle the large amount of glycine produced by photorespiration while the animal enzyme is mainly involved in protein synthesis and degradation.
We have not yet determined if the four enzymes are still present as a complex or as physically isolated enzyme species in the preparation. The lack of stimulation by lipoic acid suggests that at least the P and H proteins still exist as a complex. Experiments are currently underway to purify the complex and to separate the component enzymes.
